Resonant second harmonic generation in a gallium nitride two-dimensional photonic crystal on silicon We demonstrate second harmonic generation in a gallium nitride photonic crystal cavity embedded in a two-dimensional free-standing photonic crystal platform on silicon. The photonic crystal nanocavity is optically pumped with a continuous-wave laser at telecom wavelengths in the transparency window of the nitride material. The harmonic generation is evidenced by the spectral range of the emitted signal, the quadratic power dependence vs. input power, and the spectral dependence of second harmonic signal. The harmonic emission pattern is correlated to the harmonic polarization generated by the second-order nonlinear susceptibilities v Two-dimensional photonic circuits represent key building blocks for optical signal distribution and manipulation. One of the most investigated photonic platform is based on siliconon-insulator substrates. Since silicon is an indirect band gap material, an efficient optical source with high brightness cannot be directly obtained with silicon. Moreover, silicon is a centro-symmetric material and its bulk second-order nonlinear susceptibility is equal to zero, thus ruling out electro-optic effects or frequency mixing in standard configurations. One way to circumvent these problems is the integration of III-V semiconductors on silicon. This can, for example, be achieved by heterogeneous integration, wafer bonding, or die bonding. Recently, photonic platforms based on nitride semiconductors have been successfully demonstrated. [1] [2] [3] The nitride semiconductors benefit from several advantages. They offer a wide transparency window from the near infrared to the ultra-violet spectral range. They are recognized as the reference materials for optical sources from visible range to ultra-violet. The nitride semiconductors are non centro-symmetric and thus exhibit a second-order nonlinear susceptibility. 4 By frequency doubling, it is thus possible to transfer a coherent emission to very short wavelength.
One interest of the nitride semiconductor platforms is that they can be directly integrated on a silicon substrate either by sputtering on SiO 2 -on-silicon 2 or by direct growth of crystalline material on Si(111) substrates. 5 The simplicity of this approach is a key advantage for the development of nitride-based on-chip photonic circuits on silicon. Twodimensional photonic crystals can also be integrated on these platforms. 1, 3, [6] [7] [8] One specific feature of photonic crystals is the possibility to confine light in small modal volumes and with a high quality factor. This photon confinement can reinforce the nonlinear optical processes, an nth order process being proportional to the nth power of the ratio Q/V, where Q is the quality factor and V the modal volume. [9] [10] [11] [12] Second harmonic generation (SHG) with gallium nitride or aluminum nitride has been reported by different groups. Phase-matched conversion was observed in slab waveguides 13 or in microring resonators on oxide. 14, 15 Enhanced conversion was also observed in a two-dimensional GaN on sapphire photonic crystal using an out-of-plane excitation. 16 In this article, we report on second harmonic generation in gallium nitride two-dimensional photonic crystal resonators. We use a free-standing two-dimensional photonic crystal platform where light is injected in the photonic crystal through suspended access waveguides. The photonic circuit is directly grown on Si(111). We observe second harmonic generation with a continuous wave (cw) excitation at the telecom wavelength around 1570 nm with less than 100 lW injected power in the photonic crystal. The harmonic signal is collected at normal incidence perpendicular to the layer plane. The resonant enhancement of the harmonic conversion is evidenced. The harmonic emission pattern is modeled by finite-difference time-domain simulations and a very good agreement is found between the near-field filtered harmonic image and the one calculated from the second harmonic P z polarization.
The studied samples were grown by molecular beam epitaxy on a Si(111) substrate and have been described in Ref. 3 . The nitride layer consists of a thin AlN layer, around 45 nm thick, epitaxially grown on silicon followed by a 300 nm thick GaN layer. The electronic lithography of the waveguides and photonic crystal patterns was performed using a silicon oxide hard mask. The nitride material was etched using chlorinebased inductively coupled plasma ion etching. 17 Dies with a total length of 500 lm were cut. The silicon was then selectively under-etched using XeF 2 to release the suspended structures, thus leading to free-standing waveguides and photonic crystal membranes. Light is guided in the photonic crystal by 
a, where a is the photonic crystal lattice period (580 nm). The hole radius to period ratio was around 0.23. The studied photonic crystal cavities were width-modulated waveguide cavities following the A1 design presented in Ref. 18 . The design of these cavities consists in shifting laterally 30 holes around the cavity center with a maximum hole displacement of 12 nm. The quality factor of the fabricated cavities is around 25 000 at wavelengths close to 1550 nm. 3 The cavity is coupled to the access ridge waveguides by barrier coupling waveguides with a length of 17 lattice periods. cw light is injected in the photonic crystal from the sample edge through ridge waveguides suspended by nanotethers following the design presented in Ref. 19 . The harmonic signal is collected perpendicular to the surface using a Â100 objective with a numerical aperture of 0.9. The scattered light from the optical pump is rejected through band pass filters. Interference filters centered around the frequency-doubled pump signal were inserted in order to only image the harmonic signal. The images were taken with a photon-counting Andor electron multiplying charge coupled device (EMCCD) camera. Figure 1 shows the superposition of an optical image of the investigated structure and the spatially resolved second harmonic signal represented in false color. Both images are taken with the same camera. The suspended access waveguides are observed on the left and right sides of the image. The two-dimensional photonic crystal length is 22.9 lm. Nine rows of holes are present on each side of the waveguide axis. The cavity is at the center of the photonic crystal. The light is injected from the left side with a transverse-electric polarization in the layer plane. The cavity has a quality factor of 25 000 at 1577.77 nm and a global transmission for the photonic crystal at resonance of À28 dB. The second harmonic signal is obtained for the cavity pumped on resonance. A weak signal is observed on the left side after the transition between the access waveguide and the photonic crystal. The main signal is centered on the cavity and the main intensity is observed along the first two rows of the photonic crystal waveguide. A key feature is that no signal is observed at the center of the waveguide axis where the pump signal is maximum. This feature will be discussed later. The spatial extension of the second harmonic signal along the photonic crystal length is significantly larger than the one measured for the fundamental mode of the cavity. As the experiments are performed well below the nitride band gap, the material is transparent for both pump and harmonic. Moreover, there is no photonic band gap at the wavelength of the harmonic signal. The harmonic signal can thus propagate perpendicularly to the waveguide axis. One observes in Fig. 1 the lateral propagation of the harmonic field that is scattered by the air holes in the structure and at the interface between the photonic crystal and the non-patterned layer. We emphasize that in this experimental configuration, the harmonic signal can be analyzed with a better spatial resolution than the one for the fundamental mode at 1577 nm as a consequence of the larger light cone at the frequency of the harmonic signal and the better diffraction limit for the objective. We observe eight lines on each side of the waveguide axis, the spacing between the first two lines on each side of the cavity axis is around 900 nm, and around 600 nm between each adjacent line. A X-cross shape with an approximate 45 direction is also observed for the scattered second harmonic signal. Figure 2 shows the second harmonic signal as a function of the input laser power at the entrance of the photonic crystal. The signal is integrated around the cavity center on a surface of 9 Â 13 lm 2 . The background signal has been subtracted. One can observe a second harmonic signal with an input power in front of the photonic crystal as low as 70 lW. A clear quadratic dependence is observed that is confirmed by the quadratic fit of the experimental data points represented by the full line. An advantage of nitride semiconductors is their large transparency window and consequently the quenching of two-photon absorption. The two-photon absorption that can be significant in materials like silicon generally leads to a saturation of the coupled energy in the cavity and as a result to the saturation of the harmonic conversion. 10 The effect is clearly not present here for the investigated input powers in the cw regime. We have estimated the experimental second harmonic conversion and collection efficiency g ¼ P SHG P in , where P in is measured at the photonic crystal entrance and P SHG is the collected harmonic power. The data in Fig. 2 show that the power received by the detector is 1.7 pW for 700 lW cw at the crystal entrance corresponding to an effective collection efficiency of 2.4 Â 10
À9
. Here, the light coupling efficiency was limited by the taper FIG. 1 . Optical microscopy image of the free-standing gallium nitride photonic crystal and the second harmonic signal. The images are superimposed and recorded successively with the same camera and set-up. The widthmodulated waveguide cavity is at the center of the photonic crystal. The cavity is pumped in resonance with a cw laser at 1577 nm. The second harmonic signal is dominated by the signal generated by the fundamental mode of the cavity. for this specific sample and could be increased by a factor of 5 if we refer to measurements obtained on similar structures. 3 This would correspond to a cw harmonic collection efficiency of 1 Â 10 À8 if we normalize by the power incident at the photonic crystal entrance. 10, 12 Higher conversion efficiencies have been reported by considering a power effectively coupled to the cavity. 20, 21 As will be discussed below, this collection efficiency corresponds to the one obtained with the signal collected perpendicular to the surface. However, the largest second harmonic polarization is along the z growth axis and is not efficiently radiated towards the surface in the present experimental configuration. We note that this conversion efficiency is obtained for a singleresonant cavity mode. Higher conversion efficiencies are expected in pulsed regimes or for structures designed for double resonance and/or phase-matched conversion.
14 Figure 3 shows a comparison between the transmission of the cavity and the spectral dependence of the second harmonic signal with pump wavelength. For the measurement of the second harmonic signal, the pump power is kept constant and the laser excitation is tuned across the resonance. The spectra have been normalized for clarity. The input power corresponds to the maximum one shown in Fig. 2 . For the transmission, the spectrum has some asymmetry as a consequence of the incident power and thermal drift. A Lorentzian fit of the transmission resonance gives a quality factor of 25 000 for this input power corresponding to a full width at half maximum of 70 pm. As a consequence of the quadratic dependence of the second harmonic signal vs. pump power, the second harmonic has a narrower line shape (40 pm full width at half maximum). This feature is a direct signature of a second order nonlinear process. It is well reproduced by the squared Lorentzian as reported in Fig. 3 . The 9 pm spectral shift of the resonance between the second harmonic signal and the transmission is attributed to a temperature drift due to a much slower acquisition for the harmonic signal.
In order to interprete the image of the collected second harmonic, we have calculated the second harmonic polarization that is generated by the fundamental mode of the cavity. The fundamental mode profile was obtained by three-dimensional finite difference in time domain modeling. For the harmonic polarization calculation ðP
ijk E j E k Þ where E is the cavity mode electric field, one has to consider the different orientations of second-order susceptibility for the nitride material. The x axis is along the waveguide axis, the y axis is perpendicular to the waveguide, and the z axis is along the growth direction. The five components of interest for the susceptibility tensor are v zzz . 22, 23 The susceptibilities have similar amplitudes around 5 pm/V. 14, [23] [24] [25] The largest induced polarization is P ð2xÞ z , i.e., the one generated by the E x and E y components of the confined mode. This polarization is maximum at the waveguide center in agreement with the spatial profile of the confined fundamental mode. The most interesting feature is the calculation of the propagating second harmonic field in the structure. This is obtained by injecting the P ð2xÞ z polarization in the finite-difference time-domain modeling, calculating the different components of the electric and magnetic fields, doing a Fourier transform, spatially filtering the result by the objective numerical aperture and doing an inverse Fourier transform. The Poynting vector calculated from these near-field filtered patterns are then timeaveraged. The result of this modeling is shown in Fig. 4 and compared to the collected harmonic signal as shown in Fig.  1 . The main experimental features are well reproduced by the modeling. The harmonic signal is generated by the mode-localized polarization oriented along the z direction. This elongated source along the waveguide axis propagates in the layer plane perpendicularly to the waveguide axis. Only a very small fraction of signal propagates along the waveguide axis, as observed experimentally. The longitudinal spatial extension of the harmonic signal is also in agreement with the experimental one. The signal vanishes at the center of the waveguide as a result of the symmetry of the harmonic electromagnetic fields. The signal is maximum at the edge of the first photonic crystal rows, as observed experimentally. One observes a series of lines parallel to the cavity axis. As the nitride material is transparent at the second FIG. 3 . Normalized transmission of the cavity (red dots) compared to the spectral dependence of the second harmonic signal (blue squares). The pump power is kept fixed. The full lines correspond to a Lorentzian fit and a squared Lorentzian fit for the transmission and second harmonic signal, respectively. The full width at half maximum is 70 pm for the pump while the full width at half maximum of the harmonic signal is 40 pm. The linewidth reduction is a consequence of the second-order process. harmonic wavelength, the propagation in the structure can be observed, that is not the case for structures in silicon or GaAs at similar wavelengths. This propagation leads to the X-cross shape, i.e., less signal at the crystal center when moving to the photonic crystal edges along the y axis, as a result of the spatial extension and interferences of the extended dipole sources. We emphasize that a much higher spatial resolution is obtained in these experiments as compared to the previous results on harmonic generation in SiC photonic crystals. 12 This allows us to clearly observe the vanishing of the signal at the waveguide center that was numerically predicted in SiC but not experimentally observed. 12 We have also experimentally analyzed the polarization of the emitted signal (not shown). The harmonic signal is dominated by its component with an electric field along the y axis. The ratio of amplitudes between both polarizations is equal to 3.73 when integrating around the cavity center in excellent agreement with the modeling (3.85).
In conclusion, we have observed second harmonic generation in gallium nitride resonant photonic crystal cavities. The second harmonic signal was observed with a high spatial resolution allowing one to correlate the emitted pattern with the calculated near-field electromagnetic distribution. This can be achieved because of the transparency of the nitride material for both pump and harmonic. We expect to extend the properties of this photonic platform to shorter wavelengths by downsizing the photonic crystal parameters.
